Background: Visceral leishmaniasis (VL, or "kala-azar") is a major cause of disability and death, especially in East Africa. Its vectors, sand flies (Diptera: Psychodidae: Phlebotominae), are poorly controlled and guarded against in these regions, owing in part to a lack of understanding about their feeding behavior. Methods: A total of 746 freshly fed female sand flies were collected in five population centers in Kafta Humera (northwestern Ethiopia), where VL is endemic. Flies were collected from habitats that ranged from inside houses to open fields, using light traps and sticky traps. Sources of sand fly blood meals were identified using enzymelinked immunosorbent assays (ELISA) and DNA amplification with reverse-line blot analysis (PCR-RLB); 632 specimens were screened using ELISA, 408 of which had identifiable blood meals, and 114 were screened using PCR-RLB, 53 of which yielded identifications. Fly species determinations were based on morphology, and those specimens subjected to PCR-RLB were also screened for Leishmania parasites using conventional PCR to amplify the nuclear marker ITS1 (internal transcribed spacer 1) with Leishmania-specific primers. Results: More than three-fourths of all sand flies collected were Phlebotomus orientalis, and the remaining portion was comprised of nine other species. Nearly two-thirds of P. orientalis specimens were collected at village peripheries. The most common blood source for all flies was donkey (33.9% of all identifications), followed by cow (24.2%), human (17.6%), dog (11.8%), and goat or sheep (8.6%); mixtures of blood meals from different sources were found in 28.2% of all flies screened. Unidentified blood meals, presumably from wildlife, not domestic animals, were significantly higher in farm fields. Leishmania parasites were not detected in any of the 114 flies screened, not surprising given an expected infection rate of 1-5 out of 1,000. Meals that included a mixture of human and cow blood were significantly more frequent relative to all cow meals than human blood meals were to non-cow meals, suggesting a zoopotentiative interaction between cows and humans in this system. Conclusions: Habitat and host preferences of sand fly vectors in Kafta Humera confirmed the finding of previous reports that the main vector in the region, Phlebotomus orientalis, is a highly opportunistic feeder that prefers large * Corresponding author.
Introduction
Vector control has been shown to be effective against sand fly-borne diseases (WHO, 2010) , but no such program has been attempted in northwestern Ethiopia due to the limited historical data on sand fly feeding behavior, reservoir hosts of the parasites they carry, and interactions between sand flies and humans. Sand flies (Diptera: Psychodidae: Phlebotominae) are best known for carrying the Leishmania protists that cause visceral leishmaniasis (VL, also commonly known as "kala-azar") or cutaneous leishmaniasis (CL), as well as other pathogenic bacteria and viruses. Female sand flies feed on vertebrate blood to obtain nutrition for egg development, and, with specificity that varies between different sand fly species, they target a wide variety of hosts, including livestock, dogs, chickens, rodents and reptiles (Haouas et al., 2007; Lainson and Rangel, 2005; WHO, 2010) .
Visceral leishmaniasis can cause death if untreated and is caused by the L. donovani species complex. However, sand fly vector species for L. donovani, the preferred vertebrate for vector blood meals, and the reservoir species for the parasite are more difficult to determine and can vary between regions. Phlebotomus orientalis carries L. donovani in Eastern Sudan (Elnaiem et al., 1998) and most likely the surrounding regions, including the study sites here. PCR-based and parasitological approaches have identified dogs as an important reservoir of L. donovani in Sudan (Dereure et al., 2003; Hassan et al., 2009) , and dog ownership has been identified as a risk factor for L. donovani infections in humans in Ethiopia (Argaw et al., 2013; Bashaye et al., 2009; Yared et al., 2014) . The presence of antibodies show that all common domestic animals in Ethiopia are routinely exposed to sand flies and L. donovani (Kenubih et al., 2015; Rohousova et al., 2015) , and in northwestern Ethiopia L. donovani antibodies were detected more frequently in cattle (41.9%) than all other animals tested (Kenubih et al., 2015) . In eastern Sudan this figure for cattle is 21.4% (Mukhtar et al., 2000) . However, tests for Leishmania DNA in cattle (Alam et al., 2011) have been negative, and it seems likely that cattle are not actually a reservoir for the parasite.
Still, cattle and other livestock may inhibit or drive human exposure to L. donovani. Some studies have provided evidence that proximity to animals, and especially cattle, is preventative for sand fly feeding by drawing the flies away from humans (zooprophylaxis) (Bern et al., 2010; Gebre-Michael et al., 2010; Torr et al., 2007) , while others argue that animals play no role in exposure (Gebresilassie et al., 2015a (Gebresilassie et al., , 2015c , reduce sand fly bites by too little to significantly reduce disease risks (Tirados et al., 2011) , or actually increase the odds of being bitten by attracting flies to places of human activity (zoopotentiation) (Bern et al., 2010; Yared et al., 2014) . Further complicating the debate are observed group size dynamics, which modulate the risk of sand fly encounters (Hebblewhite and Pletscher, 2002) , as well as species diversity of host groups, and vector preferences for different hosts (Miller and Huppert, 2013) . In addition, computer simulations of malaria vector dynamics have led to the conclusion that vector mortality risk while searching for meals, as determined by the proximity of hosts to mosquito breeding sites, is a critical determinant of zooprophylaxis or zoopotentiation (Saul, 2003) .
Investigations into the host preferences and feeding patterns of sand flies under natural conditions are essential to understand their vectorial capacity and to clarify natural transmission cycles (Killick-Kendrick, 1999) . Combined with studies of risk factors for contracting the disease (Bern et al., 2010) , host choice data can reveal important factors to control so as to lessen exposure to sand flies and subsequent transmission of leishmaniasis. Host choice behavior can depend on biotic factors, such as host size, abundance, and behavior, as well as abiotic factors, such as temperature, wind, heat, humidity, sound, and CO 2 levels (Bell, 1990; Foster et al., 1972; Gibson and Torr, 1999; Killick-Kendrick, 1999) , and sand fly host preferences have been determined by observing the behavior of sand flies presented with different animal baits and by examining the blood meal sources of field-caught specimens (Alexander, 2000; Karaku at al., 2017; Montoya-Lerma and Lane, 1996) . The purpose of this study was to use blood meal identification to add to our growing body of knowledge about sand fly feeding behavior in northwestern Ethiopia (Gebre-Michael et al., 2010; Gebresilassie et al., 2015a Gebresilassie et al., , 2015c Kenubih et al., 2015; Rohousova et al., 2015; Yared et al., 2014) , connecting domestic animal host identities to vector species and habitats. This would paint a clearer picture of the dominant players in the system and allow us to further characterize the ecology of leishmaniasis in this critical region. Furthermore, we sought to explore our data statistically and compare it to a previous study from a nearby region for more insight into questions of zooprophylaxis and zoopotentiation.
Material and methods

Study area
This study was conducted in the Ethiopian district of Kafta Humera, which covers over 4,500 km 2 in the Western Tigray zone, located along the borders of Eritrea and Sudan. In the 2007 census Kafta Humera had a total population of 92,144, with a density of 20.3 persons per km 2 , 67.2% of which was rural (Office of the Census Commission and the Central Statistical Agency of Ethiopia, 2008) . The district capital, Humera town, and four villages within a 32-km radius-Rawyan, Mykadra, Bereket, and Adebay-were sampled. The villages are populated by settlers who returned from Sudan in 1993 and 1994, as well as internal settlers originating from different parts of the Tigray region. Residents live in houses of different construction (concrete-or mud-walled, with corrugated iron or thatched roofs) and practice mixed farming (growing crops and engaging in small-scale livestock production). Residents usually keep domestic animals, such as chickens, goats, sheep, donkeys, cattle, and dogs, close to their houses. Field work in the district is performed annually by hundreds of thousands of migrant laborers from different parts of Ethiopia, especially from May to December.
Collection and identification of sand flies
At each of the five study villages, four sand fly collection sites were selected: inside houses, within villages, at the periphery of villages, and in open fields adjacent to villages. Sand fly collections were made two or three nights per month from May 2011 to April 2013. All five localities were sampled through April 2012, which indicated that the density of P. orientalis was highest in Adebay; consequently, collection efforts were focused there from December 2012 to April 2013. Sand flies were captured using CDC miniature light traps (John W. Hock Company, Gainesville, FL, USA) and sticky traps (Alexander, 2000) . In and around villages traps were deployed close to animal shelters and houses, and in open fields traps were placed close to the ground.
For the collection of sand flies from indoors and from inside and around villages, including farm fields, oral informed consent was obtained from heads of households. Letters of support were also obtained from the Western Tigray and Kafta Humera district health bureaus.
Freshly fed female sand flies could be identified by the blood visible in their abdomens, and they were immediately preserved in alcohol or silica gel grains. In the laboratory, the head and abdominal tips of female sand flies from light traps and sticky traps were removed and mounted on a slide using a drop of Hoyer's medium for species identification. Species were identified based upon the morphology of the cibaria, pharyngeal armature, and spermatheca, using morphological keys and other published materials (Abonnenc and Minter, 1965; Gebre-Michael and Medhin, 1997; Lewis, 1982; Lane and Fritz, 1986; Quate, 1964) .
Blood meal analysis
Sand fly blood meals were identified using either enzyme-linked immunosorbent assay (ELISA) or polymerase chain reaction followed by reverse line blot analysis (PCR-RLB). We relied on ELISA to identify blood meals from most of our captured female sand flies (n ¼ 632), but to advance the use of DNA-based methods in leishmaniasis studies in Ethiopia, we used PCR-RLB for 114 specimens. Both methods could identify meals as human, bovine, donkey, goat, or sheep, but only ELISA could identify dog, and only PCR-RLB could identify chicken, mouse, and camel.
While analyses of sand fly blood meals are typically serological (Afonso et al., 2005; Baum et al., 2013; Beier et al., 1988; Burniston et al., 2010; Colmenares et al., 1995; Gebre-Michael et al., 2010; Morsy et al., 1993; Nery et al., 2004; Srinivasan and Panicker, 1992) , these tests are time consuming and sometimes lead to misidentification due to cross-reactivity of serum proteins (Ngo and Kramer, 2003) . DNA-based techniques have thus gained popularity (Garlapati et al., 2012; Lutomiah et al., 2014; Muturi et al., 2011) , including restriction fragment length polymorphism combined with polymerase chain reaction (RFLP-PCR) and Sanger sequencing of the mtDNA genes cytochrome c oxidase 1 (COI) and cytochrome b (cytb). DNA-based techniques have been used previously to identify blood meal sources in tsetse flies (Muturi et al., 2011) , mosquitoes (Lutomiah et al., 2014) , ticks (Kirstein and Gray, 1996) , and sand flies (Soares et al., 2014; Oshaghi et al., 2009; Valinsky et al., 2014) . However, such techniques can require more PCR product than can be generated from samples, and they can fail to detect multiple blood meal sources within a single fly. Recently, the amplification of the mitochondrial gene cytochrome b, followed by reverse line blot analysis (PCR-RLB), has been used to identify the origin of blood in ticks (Humair et al., 2007; Scott et al., 2012) and sand flies (Abbasi et al., 2009; Garlapati et al., 2012) , and this technique allows the identification of multiple hosts (Abbasi et al., 2009; Garlapati et al., 2012; Scott et al., 2012) ; thus, our use of PCR-RLB here.
ELISA procedures were performed as described by Beier et al. (1988) , Colmenares et al. (1995) , and Burniston et al. (2010) , with the following specifications for this study. Based on checkerboard titrations, the optimal dilutions of the conjugated antibodies were 1:2,000 μl for anti-human immunoglobulin G (IgG), 1:250 μl for anti-bovine IgG, 1:5, 000 μl for anti-donkey and anti-dog IgG, and 1:10,000 μl for anti-goat and anti-sheep IgG (a high dilution to prevent cross-reactions with other species). Negative controls were used from a laboratory colony of unfed females of P. orientalis, and positive controls were blood samples known to originate from each of the target species. Plates were read visually and using an ELISA plate reader at 405 nm absorbance, and samples were considered positive if the absorbance (optical density) value was more than three standard deviations higher than the four negative controls.
PCR methods followed those of Abbasi et al. (2009) , with the following specifications. DNA was extracted individually from sand fly specimens by digestion in a total volume of 200 μL of lysis buffer, consisting of 50 mM NaCl, 10 mM EDTA, 50 mM Tris-HCl (pH 7.4), 1% triton X-100, and 200 μg/mL of proteinase K. This was followed by extraction with phenol-chloroform and precipitation using ethanol. The precipitated DNA was suspended in Tris-EDTA (TE, 10 mM Tris-HCl [pH was used as a positive control, and sterile water was the negative control. Amplified PCR products were then used as probes in RLB hybridization reactions, followed by chromogenic detection, using methods described in Abbasi et al. (2009) . The method relies on 5 0 -amino-linked oligonucleotide probes specific to each host species, designed using publicly available alignments of their cytochrome b sequences. The probes were then linked to nylon membranes to which denatured and biotinylated PCR products (if present) were allowed to hybridize. Hybridized DNA was first detected by incubating membranes in streptavidin horseradish peroxidase (HRP), and for chromogenic detection, enhanced chemiluminescence (ECL) detection was performed using the EZ-ECL detection kit (Biological Industries, Beit Haemek, Israel). Samples used for identification of blood meals by PCR-RLB were also screened for Leishmania parasites using conventional PCR, following the methods of Gebresilassie et al. (2015b) . The nuclear marker ITS1 (internal transcribed spacer 1) was amplified using the Leishmania-specific primers LITSR (5 0 -CTG GAT CAT TTT CCG ATG -3 0 ) and L5.8S (5 0 -TGA TAC CAC TTA TCG CAC TT -3 0 ) and then checked by visualization on a 1.5% agarose gel containing ethidium bromide.
Calculation
To further refine our understanding of sand fly feeding behavior, we performed two statistical explorations of our blood-meal data. First, ratios of blood meals identified as human, animal-fed, and human plus animal were compared between villages and farm fields using Z-tests. Next, binomial logistic regression was performed to measure the odds of identifying human blood meals in conjunction with various factors, as well as to compare it with a previously published data set from Tahtay Adiyabo, also in northwestern Ethiopia (Gebresilassie et al., 2015a) . Factors of interest were domestic animals (all combined); cows, donkeys, and dogs (identified only with ELISA in Tahtay Adiyabo); habitat (as a second variable in all tests); and sand fly species (only for Kafta Humera, where multiple species were tested).
Statistical tests were performed in (R Development Core Team, 2012 after combining certain categories of data in the Kafta Humera data set, namely village (Adebay, Bereket, etc.), habitat ("inside," "in village," and "around village" were combined), and molecular method (ELISA or PCR-RLB). Sand fly and livestock species were also combined except where otherwise noted. The R script used is available in the Supplementary material (S1 Script -Statistical Modeling.R) and at GitHub (github.com/adam-sam-brown/Yared_et al.).
Results
Sand fly blood meals in Kafta Humera
In Kafta Humera a total of 746 freshly fed, female sand flies were collected, and from these 461 blood meals were identified (408 by ELISA and 53 by PCR-RLB; S1 Table -Kafta Humera data.csv). Most specimens collected were P. orientalis (76.1%; Fig. 1) , from the village of Adebay (80.1%; Fig. 2) , and collected at village peripheries (62.3%). The other sand fly species collected were, in order of abundance, Sergentomyia clydei (8.4%), Phlebotomus papatasi (7.5%), Sergentomyia schwetzi (4.6%), Phlebotomus bergeroti (1.5%), Sergentomyia africana (0.8%), Sergentomyia bedfordi (0.4%), Phlebotomus alexandri (0.2%), Phlebotomus duboscqi (0.2%), and Phlebotomus lesleyae (0.1%). Human blood was identified in 17.6% of the blood meals, donkey blood in 33.9%, cow blood in 24.2%, dog blood in 11.8%, and goat or sheep blood in 8.6% (results of goat and sheep blood meals were combined due to cross reactions between these species); blood meals from 210 sand flies (28.2% of the total collection) were from multiple sources (see Fig. 3 ).
Among identified blood meals from P. orientalis (n ¼ 389), P. papatasi (25), other Phlebotomus species (7), and Sergentomyia (40), each group had human and livestock meals, feedings comprised of multiple species, and feedings from livestock and humans in farm fields, village peripheries, and inside villages and homes. However, P. orientalis appeared to prefer donkeys over cattle (found in 62% vs. 35% of identified meals, respectively), in contrast with P. papatasi (12% vs. 60%) and Sergentomyia species (17% vs. 66%). Multiple host species were identified in 48% of known P. orientalis blood meals but only 20% of those from P. papatasi. Also, although 25% of P. orientalis specimens were captured in farm fields and 7% in villages (including indoors), those figures were 5% and 39% for P. papatasi, respectively (village peripheries constituting the remaining captures).
Chicken, mouse, and camel meals were not common: two specimens had chicken blood (combined with cow and mouse), three were from mouse (two combined with cow and one with chicken), and four were from camels (two combined with cow). Leishmania parasites were not detected in any of the 114 samples screened by PCR-RLB and checked for the parasite using conventional PCR to amplify the Leishmania ITS1 nuclear region; this was not unexpected, given a reported vector infection rate in northern Ethiopia of 0.1-0.5% by Gebresilassie et al. (2015b) .
Blood meals that were unidentified (and presumably from wildlife, for which our methods did not test) were significantly more common in farm fields (p < 0.0001, Z-test; Table 1 ). In addition, blood meals identified as coming only from domestic animals were significantly lower in farm fields as a proportion of all blood meals (p ¼ 0.0003, Z-test).
In addition, the odds of identifying human blood meals more than doubled when they were associated with domestic animal blood meals (p < 0.001). This was primarily due to cow blood meals, which increased the odds of human blood meals 2.54 times (p < 0.0001; Table 2 , Fig. 4) . Fig. 1 . The number of blood meals in Kafta Humera, broken down by habitat, sand fly species, and a selection of blood meal descriptions. Meals identified as originating from specific animals may have been found in combination with other animal or human meals; the number of combined meals is also shown. The most common blood meal identification was donkey, and P. orientalis was the most commonly caught sand fly species. Unidentified meals were more common than identified meals in sand fly species other than P. orientalis. Fig. 2 . The number of blood meal samples in Kafta Humera district, broken down by sand fly species, simplified binomial habitat category (in and around villages versus in farm fields), and locality. The Adebay locality produced the most specimens, prompting the study to focus efforts there. Most sand fly species caught were identified as P. orientalis, and they were most frequent in and around villages.
Blood meals from other domestic animals, the species of sand fly, and the habitat had no effect on the odds of identifying human blood meals in Kafta Humera.
Comparisons with Tahtay Adiyabo district
Previously published data from Tahtay Adiyabo (Gebresilassie et al., 2015a) are briefly described again here (S2 Table - Tahtay Adiyabo data.csv). From 637 freshly fed female P. orientalis 559 blood meals were identified (422 by ELISA and 137 by PCR-RLB). Human blood was identified in 8.3% of all blood meals, donkey blood in 24.7% (using ELISA only), cow blood in 62.8%, dog blood in 16.4% (using ELISA only), and goat or sheep blood in 6.0%; blood meals from 54 sand flies (8.5% of the total collection) were from multiple sources (see Fig. 3 ).
In contrast to results from Kafta Humera obtained here, in Tahtay Adiyabo (Gebresilassie et al., 2015a) identification of human blood meals decreased by 83% when found in combination with domestic animals (p < 0.00001; Table 2 , Fig. 4 ). This effect was again primarily due cattle blood meals, with the odds of human blood meals being 69% lower in combination with those from cows (p < 0.00001). Identifying human blood meals was 2.39 more likely in combination with donkey blood meals in Tahtay Adiyabo (p ¼ 0.001), and there was a trend for a doubling of the odds of human meals in conjunction with donkeys when in and around villages versus in farm fields (but this was not significant, p ¼ 0.07). Blood meals from dogs showed no influence on the odds of identifying human blood meals in Tahtay Adiyabo.
Discussion
Feeding trends
Consistent with the findings of Quate (1964) and Gebre-Michael et al. (2010) , we found that P. orientalis is found predominantly at the periphery of villages and in farm fields, and, consistent with Yared et al. Fig. 3 . Blood meals represented by habitat and source in Kafta Humera and Tahtay Adiyabo districts. Pie chart areas are proportional to sample sizes and demonstrate the larger proportion of non-human and non-animal blood meals in farm fields, the larger proportion of animal meals in Tahtay Adiyabo, and the larger proportion of combined human and animal meals in Kafta Humera.
(2017) and Gebre-Michael et al. (2010) , we found it to be an opportunistic feeder, having blood meals from every species targeted by our methods. We also found that P. papatasi, like P. orientalis, is an opportunistic feeder (including on chickens), and this is consistent with studies in Turkey (Svobodova et al., 2003) , Israel (Lutomiah et al., 2014) , Italy (Bongiorno et al., 2003) , Yugoslavia (Kostich, 1951) , Egypt (el Sawaf et al., 1989) , and Iran (Javadian et al., 1977; Yaghoubi-Ershadi et al., 1995) . In Nepal P. papatasi was shown to be highly anthropophilic (Burniston et al., 2010) , and in many regions of the Old World P. papatasi is commonly found inside human dwellings. Thus, P. papatasi has become an effective vector for CL (WHO, 2010) . Nonetheless, mixed blood meals for P. papatasi in this study were not as frequent as they were in P. orientalis (20% of identified meals vs. 48%), and the same has been observed for P. papatasi relative to P. argentipes (Palit et al., 2005) .
At least two Sergentomyia species, S. schwetzi and S. clydie, were also found to be opportunistic feeders in this study, and they frequently fed on humans, often in combination with other hosts; indeed one S. clydie specimen was found to have a blood meal consisting of cow, dog, donkey, and human blood. The genus Sergentomyia comprises species that are highly abundant in Kafta Humera and which occur throughout the year. They are known vectors of the subgenus Sauroleishmania (implicated in CL) and have been previously shown to feed on a variety of mammals (including humans) and reptiles in Ethiopia and the surrounding regions (Heisch et al., 1956; Javadian et al., 1977; Ngumbi et al., 1992; Polanska et al., 2014; Quate, 1964; Srinivasan and Panicker, 1992) . DNA of Leishmania major (the main cause of CL) has been detected in S. darlingi in Mali (Berdjane-Brouk et al., 2012) , but a study in Ethiopia did not incriminate S. schwetzi as a vector of L. donovani or other Leishmania species (Sadlova et al., 2013) .
These and other variations in blood meal composition among different sand fly species may be the result of sand fly preferences, and indeed bait tests of P. orientalis conducted in nearby Tahtay Adiyabo district found that cows received the most fly visits, and flies on donkeys had the highest rate of engorgement (Gebresilassie et al., 2015c) . Nonetheless, other causes include host availability, density, size, and biomass, as well as trap positioning and trapping efficiency (Bongiorno et al., 2003; Dye et al., 1991; Garlapati et al., 2012; Quinnell et al., 1992) .
Donkey, cow, and dog meals
Factors that may influence the large number of meals identified as donkey in our study include their large body size and the frequency of P. orientalis in village peripheries and farm fields, where donkeys are commonly found. We observed that donkeys are usually active at night, engaged in different activities, or tied in compounds separate from other animals, a situation that may help P. orientalis easily find and access donkeys. Earlier studies of donkeys in the region have found antibodies against P. orientalis (Kol a rov a et al., 2012; Rohousova et al., 2015) , and up to a third of them exposed to L. donovani (Kenubih et al., 2015; Rohousova et al., 2015) . In Sudan a high prevalence of anti-L. donovani antibodies in donkeys has also been detected (Mukhtar et al., 2000) , and in the New World donkeys seropositive for Leishmania braziliensis have been reported (Truppel et al., 2014) .
Although less frequently found than donkey blood meals in our study, cows are clearly an important target for sand flies. Our study recovered far fewer cow blood meals in P. orientalis in Kafta Humera than were reported from a similar study in the same region (23.9% vs. 91.6%) (Gebre-Michael et al., 2010), a difference that could be due to variations in sand fly collection times or the availability and density of cattle in the collection area (Dinesh et al., 2001) . The importance of cattle as a blood meal for sand flies has been reported elsewhere: in the Indian subcontinent the vector species P. argentipes is five times more frequent on bovine than human bait (Dinesh et al., 2001) , cattle blood has frequently been identified in P. argentipes (Garlapati et al., 2012) , and calculations of the forage ratios for each host species indicated that cows and pigs were the preferred hosts of Lutzomyia longipalpis in Colombia (Morrison et al., 1993) .
An important consequence of P. orientalis feeding preferentially on large livestock (i.e., cattle and donkeys, as opposed to sheep, goats, dogs, and chickens) is that a large biomass of this sand fly species can be maintained via this behavior. By sustaining the life cycle of these leishmaniasis vectors in abundance, the disease can remain endemic in areas where cattle herding is important.
It was unexpected that blood meals from humans showed no significant association with those from dogs, for dogs have been implicated in other studies as major players in the leishmaniasis system, not the least of which is their role as a proven reservoir of L. donovani in Sudan (Dereure et al., 2003; Hassan et al., 2009) . In northwestern Ethiopia dogs have been shown to have high seropositivity for P. orientalis (Rohousova et al., 2015) and L. donovani (Kalayou et al., 2011; Kenubih et al., 2015; Rohousova et al., 2015) antigens, and owning dogs is a significant risk factor for VL (Argaw et al., 2013; Bashaye et al., 2009; Yared et al., 2014) . Other studies (Macedo-Silva et al., 2014; Maleki-Ravasan et al., 2009) have found dog blood in the vectors Lu. longipalpis, Phlebotomus perniciosus and Phlebotomus perfeliewi, and dogs were found to play an important role in the zoonotic transmission of Leishmania infantum in the Old and New World (WHO, 2010) . One hypothesis that is consistent with our data and those from previous studies is that the VL risk from dogs derives from their parasite load and probability of infection from vector Table 1 Number of blood meals identified as human, animal, or a combination of both, separated by habitat (in and around villages vs. in farm fields), from two different localities in northwestern Ethiopia. Percentages are out of the total number of specimens caught in that region and habitat. P-values compare the ratios of each subset between habitats (<0.10 in bold). Table 2 Odds radios calculated through binomial logistic regression for factors related to human blood meals: found in combination with domestic animal blood meals (combined or with certain species of interest), and recovered from different habitats (in and around villages versus in farm fields). All fly species were combined except for one test in Kafta Humera, where P. orientalis vs. other fly species was coded as a binomial variable (shown). bites, not higher vector contact.
Zooprophylaxis
Our finding that the odds of identifying human blood meals are significantly different when in combination with cow and donkey blood meals is consistent with the demonstrated attractiveness of cattle and donkeys to sand flies (Gebresilassie et al., 2015c) , and important given the high rate of exposure of cattle to L. donovani shown in northwestern Ethiopia (Kenubih et al., 2015) . Our finding of different odds ratios between Kafta Humera and Tahtay Adiyabo could be caused by a mechanism in which small cattle herds attract sand flies but cannot accommodate their feeding needs, but large cattle herds both attract and dilute sand fly feeding. That is, cattle and donkeys may provide zoopotentiation in moderate numbers, and, at least for cattle, confer zooprophylaxis in large numbers.
Host abundance has been shown to be a critical variable in complex host-parasite or predator-prey outcomes (Hebblewhite and Pletscher, 2002; Miller and Huppert, 2013 ), but were cattle more abundant in Tahtay Adiyabo-where cattle blood meals were less likely to be associated with human blood meals, suggesting zooprophylaxis-than Kafta Humera? Indeed, cattle density has been estimated to be twice as large Tahtay Adiyabo, at 1001-2000 per 1000 people, than in Kafta Humera (501-1000 per 1000 people, Jabbar at al., 2007) . Moreover, we observed in Kafta Humera during our study that a significant portion of the cattle had been taken elsewhere for grazing. The two regions are otherwise demographically quite similar; Tahtay Adiyabo's total population was within one percent of Kafta Humera's in the 2007 census, and having a comparable area, its population density was also very similar (23.5 people per km 2 ). Both populations are also mostly rural, especially that of Tahtay Adiabo (91.6% vs. 67.2%).
Conclusion
The Kafta Humera district of northwestern Ethiopia has several opportunistic sand fly species that feed on both humans and domestic animals. The most common species by far is P. orientalis, constituting more than three-fourths of all specimens caught, and nearly half of all Fig. 4 . Host overlap in phlebotomine blood meals. Human and cow blood meals, both in combination and separately, for Kafta Humera and Tahtay Adiyabo. Pie chart sizes are in proportion to sample sizes, and these and similar ratios were the basis of the binomial logistic regression analyses. P. orientalis specimens had meals from a mixture of sources. The common sand fly species had more blood meals from cows and/or donkeys than other domestic animals, but in this system (in contrast to nearby Tahtay Adiabo), P. orientalis had nearly twice as many meals from donkeys as cattle. Although P. orientalis specimens were caught in all habitats, they were more common at village peripheries and farm fields than in and around houses. Human blood was identified in 17.6% of all blood meals from all fly species, and 8.3% of meals from P. orientalis.
We also explored statistical associations between human blood meals and domestic animals, vector species, and habitats. As expected, in farm fields unidentified blood meals were more frequent, and domestic animal meals less frequent, than in villages. Blood meals from humans were significantly more frequent when associated with cow blood meals, in contrast with habitat and fly species, which showed no association; previously published data from Tahtay Adiabo showed the opposite effect (a decrease in human blood meals when associated with meals identified as cow). This opens the question of whether herd size or other local factors can change a zooprophylaxis effect to one of zoopotentiation, and it suggests a highly complex vector dynamic in the leishmaniasis transmission ecology of northwestern Ethiopia.
Vector ecology studies in the future in this region should directly measure herd size and species composition, as well as their proximity to at-risk farmers and village residents. As with any host-parasite-vector system, there are several factors and variables involved, so multivariate statistics are important during analysis. Several recent studies have produced contradictory results, so attention should be drawn to similar patterns among as many important variables as possible. Even seemingly settled questions, like the importance of cows in this system, can be called into doubt by findings such as those of Rohousova et al. (2015) , also in northwestern Ethiopia, who observed exposure levels to P. orientalis and L. donovani in cows at only 5% and 1%, respectively, with a sample size of 101. As in other studies, they did find high levels of exposure to both vectors and parasites in dogs (59% and 56%, respectively), but in our study and that of Gebresilassie et al. (2015a) dogs were minor players and showed no evidence of being strongly associated with the frequencies of human blood meals.
Another necessary avenue for future research is the extension of measures of blood meal frequencies to biting risks and disease risks in the same study. If dogs, for example, do not alter biting risks but are more effective hosts of L. donovani than cows, then cows may provide zooprophylaxis in any number. Comparing infection rates to vector behavior from different studies may not be productive, as a broad set of variables that differ among localities may, as we have suggested here, cause very different outcomes.
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